List of abbreviations
List of abbreviations

Summary
The primary objective of the current study was to investigate the potential of the pneumococcal toxin, pneumolysin (Ply), to activate neutrophil extracellular trap (NET) formation in vitro.
Isolated human blood neutrophils were exposed to recombinant Ply (2.5-20 ng.ml -1 ) for 30-90 min at 37°C and NET formation measured using the following procedures to detect extracellular DNA: i) flow cytometry using Vybrant Dye Cycle Ruby; ii) spectrofluorimetry using the fluorophore, Sytox® Orange (5 μM); iii) and NanoDrop® technology. These procedures were complemented by fluorescence microscopy using DAPI (nuclear stain) in combination with anti-citrullinated histone monoclonal antibodies to visualise nets.
Exposure of neutrophils to Ply resulted in relatively rapid (detected within 30-60 min), statistically significant (p<0.05) dose-and time-related increases in the release of cellular DNA impregnated with both citrullinated histone and myeloperoxidase.
Microscopy revealed that NETosis appeared to be restricted to a subpopulation of neutrophils, the numbers of NET-forming cells in the control and Ply-treated systems (10 and 20 ng.ml -1 ) were 4.3(4.2), 14.3(9.9) and 16.5(7.5) respectively (n=4, p<0.0001 for comparison of the control with both Ply-treated systems). Ply-induced
NETosis occurred in the setting of retention of cell viability, and apparent lack of involvement of reactive oxygen species and Toll-like receptor 4.
In conclusion, Ply induces vital NETosis in human neutrophils, a process which may either contribute to host defence or worsen disease severity depending on the intensity of the inflammatory response during pneumococcal infection.
Introduction
Despite advances in antibiotic therapy and access to sophisticated intensive care facilities, severe community-acquired pneumonia (CAP), one of the most common infectious disease, carries an unacceptably high mortality rate of 10-15% in hospitalised patients [1] . Those with developing or impaired immune systems are most vulnerable, specifically the very young, the elderly and those with primary and acquired immunodeficiency disorders [1, 2] . Of concern, the threat of CAP-related mortality and morbidity is likely to increase in parallel with a growing elderly population, particularly in developing countries, in whom immunisation procedures against the major viral (influenza virus) and bacterial (Streptococcus pneumoniae, also known as the pneumococcus) pathogens are less effective [2, 3] .
In the case of invasive pneumococcal disease (IPD), respiratory failure, shock and multi-organ dysfunction syndrome are leading causes of mortality [4] . The major pneumococcal protein toxin, pneumolysin (Ply), contributes significantly to the pathogenesis of acute lung injury, due largely to pro-inflammatory activities and direct cytotoxic effects on pulmonary epithelium and endothelium, which also promote extrapulmonary dissemination of the pathogen [5] [6] [7] . These activities result from the cholesterol binding, pore forming activities of the toxin [5] [6] [7] . In addition, Ply by a mechanism independent of pore-forming activity, has been reported to activate the production of pro-inflammatory cytokines, tumour necrosis factor α and interleukin 6, via activation of the pattern recognition receptor, Toll-like receptor 4 (TLR4) on murine macrophages [8] . Ply has also been implicated in the pathogenesis of acute coronary events in patients with bacterial CAP, which are also recognised as a significant cause of mortality [9] [10] [11] . Mechanistically, evidence from experimental animal models of IPD has demonstrated the involvement of Ply in the formation of microlesions in the myocardium, resulting in myocardial toxicity and dysfunction [12, 13] .
Dysregulation of neutrophil extracellular trap (NET) formation is another potential mechanism which may exacerbate lung and cardiac injury in IPD [14] [15] [16] [17] [18] . The process of NETosis, which is highly conserved throughout evolution [19] , involves the extracellular release of a web of hypercitrullinated chromatin impregnated with predominantly granule-derived antimicrobial proteins. NETs entrap, and, in some cases, neutralise, microbial and viral pathogens [20] . However, if excessive, NETosis poses the potential hazard of cell and organ damage, due not only to the cytotoxic actions of histone constituents [17, 21] , but also to pro-thrombotic activity [14, 15, 18] .
The pro-NETotic activity of Ply as a potential contributor to pulmonary and cardiac dysfunction during severe pneumococcal infection is, however, largely unexplored and represents the primary focus of the current study.
Materials and Methods
Recombinant pneumolysin and delta6Ply
Recombinant native Ply was expressed in Escherichia coli and purified from cell extracts [22] . The pneumolysoid, delta6Ply, with a double amino acid deletion (alanine 146 and arginine 147), resulting in attenuation of pore-forming activity, was generated by site-directed mutagenesis [23] . [24, 25] . The cells, which were routinely of high purity (>90%) and viability (>95%), were suspended in indicator-free Hanks balanced salt solution (HBSS, pH 7.4; Highveld Biological Co., Johannesburg, South Africa) and used immediately in assays of NET formation.
Exposure of neutrophils to Ply
Following pre-incubation for 10 min at 37°C, Ply (5-20ng.ml removed and the cell pellets resuspended in 1ml of HBSS and cell viability measured as described below. The supernatants from each tube were then aliquoted into 2.8 ml and 100 µl volumes for detection of extracellular DNA using spectrofluorimetry and NanoDrop® technology as described below.
Flow cytometric detection of NETs
Neutrophil suspensions were aliquoted into three flow cytometry analysis tubes 
Spectrofluorimetric detection of NETs
In the case of the spectrofluorimetric procedure, the cell-free supernatants (2.8 ml)
were mixed with 3μl of the DNA-binding fluorophore, SYTOX® Orange (5µM final, Life Technologies) [26] , transferred to cuvettes, and placed in the cuvette holder of a Hitachi 650 10S fluorescence spectrophotometer (Hitachi Ltd, Tokyo, Japan) with the excitation and emission wavelengths set at 530nm and 590nm respectively followed by measurement of fluorescence intensity. The results are expressed as metered fluorescence units (MFUs) following subtraction of the values of time-matched background control systems which were held at room temperature (25°C).
NanoDrop® procedure
Extracellular DNA concentrations were determined in the cell free supernatants using a Nano-Drop ND-1000 spectrophotometer (Thermo Scientific, Johannesburg, South Africa) according to a previously published protocol [27] and results recorded as nanograms (ng).µl -1 .
For this and the spectrofluorimetric procedure a maximum incubation time of 60 min was used, as this gave optimum discrimination between the control and Ply-treated systems.
A series of additional experiments were performed using the spectrofluorimetric and NanoDrop® procedures. These were: i) comparison of the pro-NETotic effects of native Ply with those of delta6Ply (10 and 20 ng.ml ;and vi) a comparison of the effects of native Ply and the pneumolysoid, delta6Ply, on NETosis.
Microscopic detection of NETs
Microscopy was performed to confirm that the extracellular DNA demonstrated by other techniques was the product of NETosis. Neutrophil suspension (1.25 x10 5 cells in 250 µl) was allowed to adhere to glass cover slips for 30min. Ply (10 and 20ng.ml 
Assessment of pore-forming activity
The pore-forming activities of Ply (10 and 20 ng.ml -1 ) were determined spectrofluorimetrically according to the magnitude of influx of Ca 2+ into neutrophils using fura-2 acetoxymethylester (fura-2 AM) as the Ca 
Measurement of reactive oxygen species (ROS)
A luminol (5-amino-2,3-dihydro-1,4-phthalazinedione)-enhanced chemiluminescence (LECL) procedure , which is a composite measure of phagocyte-derived ROS, was used to investigate the generation of ROS by Ply (20 ng.ml )-activated neutrophils from the CGD subject.
Cell viability
This was measured at each time interval following addition of Ply or PMA to neutrophils using a flow cytometric propidium iodide-based dye exclusion assay. The cells (4 x 10 6
.ml -1 ) were incubated for 5 min with propidium iodide (50 μg.ml 
Expression and statistical analyses of results
The The exceptions are studies using CGD cells, in which several replicates were performed on a single donor. For flow cytometric data, statistical analyses were performed using GraphPad Prism 6 (version 6.07; GraphPad Software, San Diego, USA). A 2-way ANOVA with Sidak's multiple comparisons test was used to determine statistically significant differences between the untreated control groups and the Ply-treated groups (various concentrations) over the different time points.
For bivariate hypothesis testing, t-tests were used. A p-value of <0.05 was taken as statistically significant. A comparison of Ply (20ng.ml -1 )-and PMA (6.25 ng.ml -1 )-activated NET formation using the spectrofluorimetric procedure are shown in Figure 4A with the corresponding cell viability data shown in Figure 4B . Fixed incubation times of 60 min and 90 min were used for Ply and PMA respectively as meaningful PMAactivated NETosis only became detectable at 90 min. PMA, which was a more effective activator of NETosis than Ply, was also associated with loss of viability. A similar time course of PMA-activated NETosis has been described [30] .
Results
Induction of NETosis by Ply
Microscopic detection of NETosis
According to microscopic analysis, the mean percentages (SD) of NETotic cells in the control system and systems treated with 10 and 20 ng.ml stained with DAPI (nuclear stain) and citrullinated histone antibody viewed at 20x magnification.
Image C shows NETotic cells at a higher magnification (40x).
Assessment of the involvement of Toll-like receptor 4 (TLR4), ROS and extracellular
Ca 2+ in the pro-NETotic actions of Ply
Exposure of neutrophils to delta6Ply, which like Ply activates TLR4 [8] system, while no significant differences were evident between the control and PMA-activated systems (B). Data from both A and B was analysed using the t-test.
Assessment of the pore-forming activities of Ply and delta6Ply
Pore-forming activity was assessed spectrofluorimetrically using fura-2/AM as the 
Measurement of ROS
Exposure of neutrophils to Ply resulted in a modest increase in the generation of ROS which was completely abolished by treatment of the cells with DPI (p=0.03). 
Discussion
This study, using, a range of mutually confirmatory procedures, has demonstrated that exposure of human neutrophils to Ply at pathologically relevant concentrations [31] results in activation of NETosis. If such interactions occur in the clinical setting, this may explain, at least in part, the mechanisms underlying the cardiopulmonary complications of severe pneumococcal disease which are associated with a high mortality despite seemingly appropriate antimicrobial therapy [9, 32] .
The pro-NETotic actions of Ply resulted in mobilisation of citrullinated histone-and MPO-associated, nuclear DNA, but in contrast to those of the prototype pro-oxidative activator of NETosis, phorbol ester (PMA) which induces late suicidal NETosis [30, 33] , these were detected earlier (within 30-60 min), were independent of activation of NADPH oxidase, and occurred in the setting of retention of cell viability. These findings are consistent with the process of vital NETosis previously reported to be initiated by activators such as the Staphylococcus aureus pore-forming toxin, Panton-Valentine leukocidin (PVL) [33] , and the calcium ionophore, ionomycin [34] .
In both cases, there are some similarities with those of Ply-activated NETosis [33] .These include: i) relative rapidity of onset; ii) lack of involvement of ROS; iii) mobilisation of nuclear DNA; iv) retention of cell viability; and v) restriction of vital NETosis to <20% of the cell population, consistent with the involvement of a neutrophil sub-population in this process [35] . Previous reports using non-opsonised 6 hour bacterial cultures have suggested that pneumococci are less effective inducers of NETosis than Staphylococcus aureus [33] . However, as release of Ply occurs late in the growth of pneumococci due to autolysis, 6 hours of culture is too early for optimal release of Ply. In addition, induction of NETosis occurs most effectively in the presence of opsonised bacteria [36] .
With respect to alternative potential mechanisms of Ply-mediated NETosis, the toxin in both its native and toxoid forms, has been reported to interact with and activate TLR4 on macrophages [8] ,also present on neutrophils, representing a potential mechanism of induction of NETosis. This can be excluded, however, on the basis of the observed inactivity of delta6Ply observed in the current study, underscoring the requirement for the pore-forming activity of the intact native toxin in activation of NETosis. In this context, we have previously reported that Ply augments several early-occurring inflammatory activities of neutrophils by a mechanism dependent on pore-formation and influx of extracellular Ca 2+ [24, 25] . These activities include increased generation of ROS, prostanoids and eicosanoids, as well as release of the primary granule enzyme, elastase [24, 25] . In the current study, however, a link between Ply-mediated NETosis and Ca 2+ influx was difficult to establish. This was due to augmentation of the cytotoxic actions of Ply in Ca 2+ -free medium, a phenomenon we have observed previously [24] , which is seemingly related to the requirement for Ca 2+ to repair Ply-mediated membrane pore formation [37] . The lack of activity of delta6Ply therefore represents the major line of evidence, albeit indirect, supporting a pore-forming/Ca 2+ -dependent mechanism in the pro-NETotic actions of Ply. It is, however, also supported by the similarities to the pro-NETotic actions of ionomycin, which also occur within 30-60 min, in the setting of retention of cell viability and lack of involvement of ROS [34] . In this context, it is noteworthy that neutrophils from a CGD individual were responsive to Ply-induced NETosis in keeping with previous reports of the existence of NADPH-oxidase-independent mechanisms of NETosis operative in CGD neutrophils [16, 38, 39] .
Pneumococcal pneumonia is associated with marked neutrophilic infiltration [37] and the presence of NETs in the lungs of mice experimentally-infected with the pneumococcus [40] . Although unproven, the events involved in induction of NETosis in this setting are likely to be related to the pro-NETotic actions of Ply described in the current study, possibly augmented by pneumococcal alpha-enolase, which has also been reported to induce NET formation, albeit via an indirect mechanism [41] .
Although NETs are intended to trap and possibly kill microbial pathogens, the pneumococcus via expression of the polysaccharide capsule [42] and the surface endonuclease, EndA [43] , is particularly adept at evading and escaping from NETs.
Induction and subversion of NETosis therefore represents a potential strategy favouring persistence and possibly invasiveness of the pathogen resulting from alveolar epithelial and endothelial damage mediated by the cytotoxic components of NETs, especially histones [17, 21] .
The findings of the current study not only extend the repertoire of potentially harmful pro-inflammatory, pro-infective activities of Ply, but may also provide novel insights into the immunopathogenesis of acute lung injury and acute cardiac events during severe pneumococcal infection. Notwithstanding direct cytotoxic effects [12] [13] [14] [15] [16] [17] [18] and pro-inflammatory actions of the toxin [24, 25] , indirect activities related to activation of NETosis, including cytotoxic and pro-thrombotic activities of NETs [14, 15, 18] are also likely to contribute to toxin-mediated pulmonary and cardiac injury. These findings underscore the potential of Ply-targeted therapies such as macrolide and macrolide-like antibiotics which are potent inhibitors of the production of Ply [44] , as well as cholesterol-rich liposomes which neutralise the toxin [45] . In addition, pharmacological inhibitors of peptidylarginine deiminases, key enzymes in the induction of NETosis, are currently in pre-clinical development [46] .
